The first complete amino acid sequence of a H1 histone of a monocotyledonous plant was deduced from a cDNA isolated from a maize library. The encoded H1 protein is 245 amino acid-long and shows the classical tripartite organization of this class of hlstones. The central globular region of 76 residues shows 60% sequence homology with H1 proteins from dicots but only 20% with the animal H1 proteins. However, several of the amino acids considered as being Important in the structure of the nucleosome are conserved between this protein and its animal counterparts. The N-termlnal region contains an equal number of acidic and basic residues which appears as a general feature of plant H1 proteins. The 124 residue long and highly basic C-termlnal region contains a 7-fold repeated element K A /PKX A /PAK A /PK. Southern-blot hybridization showed that the H1 protein is encoded by a small multigene family. Highly homologous H1 gene families were also detected in the genomes of several more or less closely related plant species. The general expression pattern of these genes was not significantly different from that of the genes encoding the corehlstones neither during germination nor in the different tissues of adult maize.
INTRODUCTION
For several reasons the histone HI occupies a particular position among the five major histones ubiquitously found in eukaryotes. Interacting with the internucleosomal DNA the histone HI has been shown to play a specific role in the higher structure of the chromatin (1) . This structural role in addition to several observations of tissue specificity related to physiological changes have strongly suggested that HI also plays a role in regulation of gene expression. A very recent review (2) shows that not only is H1 considered as a general repressor of gene expression but also as a control element of the transcriptional activity of particular genes. Although such a role seems to be more and more documented the basic mechanism by which HI could control gene expression is far from being understood. Moreover, it is still not clear whether or not the 'active chromatin' contains HI or not.
That HI plays an important structural role at the level of the chromatin is also suggested by the fact that it is one of the major targets for kinases intervening at specific steps of the cell-cycle (3). However, the possible role of the cyclic phosphorylation of HI during the cell-cycle is still a matter of speculations.
At the level of its primary structure HI is the less conserved histone among the five major classes typically found in higher eukaryotes. It has been shown that in many organisms several HI subtypes differing in size, sequence and in their ability to condense chromatin could coexist (4) . Nevertheless, despite such an extraordinary variability, all the HI subtypes, including Hl°a nd H5, share the same organization into three domains: a conserved central hydrophobic region, flanked by highly variable N-and C-terminal domains. The conserved globular region was shown to seal up the DNA at its entry and exit of the nucleosome (1) . The N-terminal region was suggested to play a role in positioning the central domain with respect to the nucleosome (5) while the highly basic C-terminal domain is involved in the formation of higher order structure of the chromatin (1, 6) .
HI histones as well as the corresponding genes have been extensively studied in a wide variety of animal species, leading to the genera] representation of the structure of the HI protein discussed above. Multiple subtypes of HI were also detected in several plant species (7) and immunological studies have shown that they also contain highly conserved elements as compared to their animal counterparts (8) . Up to now the complete amino acid sequences of only 2 plant HI histones have been deduced from the nucleotide sequences of a pea HI cDNA (9) and an Arabidopsis genomic clone (Gantt, personal communication) . Very partial sequences of the globular regions of two wheat HI subtypes (10) and a maize HI (11) had been published earlier.
All these sequences show several conserved elements within the central globular regions but highly divergent N-and C-terminal domains.
Here we present the nucleotide sequence of a nearly full-length HI cDNA encoding a maize HI histone. The cDNA was used as a probe to study the expression of the corresponding gene under different physiological conditions. Southern-blot analysis showed that the corresponding gene belongs to a small multigene family which also exists in the genomes of several plants related to maize.
MATERIALS AND METHODS Preparation of a polyclonal antiserum
Total histories were extracted from purified nuclei prepared from 8-day old maize plantlets and the histones HI were purified as previously described (12) . The purified HI histones were injected to rabbits and the specificity and titer of the antiserum was controlled by Western-blotting. The serum was shown to react exclusively with the three major variants of histone HI identified in maize.
HI cDNA: purification and analysis A Xgtll cDNA library constructed from 11 day-old maize plantlets poly(A) + RNAs (Clontech) was screened using the anti HI polyclonal antiserum. Positive clones were revealed using [ 125 I] iodinated protein A. Several positive clones were revealed and one of them, CH1C21 was further plaque purified and the insert transferred into the plasmid pUC9. A series of overlapping deletions was generated using exonuclease III digestion (doublestranded nested deletions kit Amersham) and adequate deletions were sequenced using the dideoxy chain termination method (13) .
Southern-blot analysis
The DNA was extracted from frozen tissues as previously described (14) . After digestion with the appropriate restriction endonuclease and analysis on a 0.8% agarose gel, the DNA fragments were transferred onto a Hybond N (Amersham) nylon membrane (15) under the conditions indicated by the manufacturer. When stringent conditions were applied, hybridization with the random-primed 32 P-labelled probe was during 24 to 48 h at 42° C in hybridization medium containing 50% formamide. Carrier DNA was sonicated E. coli DNA. The membrane was subsequently washed twice for 15 min. in 2XSSC; 0.1% SDS, and for 5-10 min. in 0.1 XSSC; 0.1 % SDS at 42°C.
Northern-blot analysis
Total RNAs were extracted from frozen manually excised embryos or different tissues using the phenol/chloroform/isoamyl alcohol (25:24:1) technique previously described (16) . The purified RNAs were analysed by formaldehyde agarose gel electrophoresis (17) and subsequently transferred to Hybond N nylon membranes (Amersham). The hybridization conditions were as indicated for Southern blots.
RESULTS

Characterization of a maize HI cDNA and corresponding protein
A recombinant phage showing strong immunological reaction with a polyclonal antiserum raised against purified maize HI histones was plaque purified through three rounds of screenings. The complete nucleotide sequence of the 1.1 kbp insert was established (accession number X57077). The translation of CH1C21 shows that it contains an open reading frame of 735 nucleotides encoding a protein of 245 amino acids. The 5' flanking region is only 19 nucleotide-long and is probably uncomplete as it has been shown that several maize H3 and H4 mRNAs start approximately 70 nt upstream from the initiation AUG (16) . The 3' untranslated region is 318 nt long and is followed by a 36 nt long poly(A) tract. The presence of a poly(A) tail and a long 3'-untranslated region (3'-UTR) shows that the (10) . c: partial sequence of a maize HI histone (11) . d: sequence of the maize HI protein deduced from the nucleotide sequence of cH 1C21 (this article), e, f: sequences of H1 variants of pea (9) and Arabidopsis (Gantt, personal communication), respectively, g: animal consensus sequence deduced from the comparison of 30 sequences of HI proteins (23) . Amino acids are numbered from 1 to 77 and gaps have been introduced to optimize alignment. The open bars named A, B and C delimit the helical domains determined on chkken H5 histone (25) . Circles indicate the conserved amino acids among plant HI proteins and black circles those also conserved between plants and animals. Under the amino acid alignments are indicated the positions of the basic (+) and acidic (-) residues conserved among plants (line P) and their position in the animal consensus (line A). The circled signs represent those which were suggested in animal His to interact with the internucleosomal DNA.
gene(s) encoding this HI subtype is transcribed into polyadenylated mRNAs as previously shown for H3 and H4 genes in different plant species including maize (18, 19) . This structure constitutes one of the major differences with the animal replication-dependent histone genes which are transcribed into non-polyadenylated mRNAs with short 3'-UTRs (20, 21) . Furthermore, the sequence AATGAAGA located 33 nt upstream of the 3'-end is very similar to me consensus motif A/GATG-AAATG found at equivalent positions in several plant H3 and H4 genes and which is supposed to correspond to a polyadenylation signal.
Within the coding region, only 12.5% of the codons have A or T at the mird position. Such a strickingly biased codon usage was also found in all the genes encoding the histones H3 and H4 cloned from three different gramineae but not in the corresponding genes of dicotyledonous plants (22) . Whether it plays any role on the levels of transcription or translation is still a matter of speculation. The primary structure of the protein deduced from the nucleotide sequence is of particular interest as it is only the third plant histone HI to be completely sequenced and the first from a mono-cotyledonous species. The predicted protein contains 245 residues and has a molecular weight of 25,500 daltons (Fig. 1A) . This size corresponds to that of one of the major variants of the histones HI in maize (12) . The amino acid composition is very similar to other HI histones with high numbers of lysine (60), alanine (59) and proline (35) residues and a very high lysine to arginine ratio (60/6).
Like the other HI proteins studied up to now, the maize HI has a typical tripartite organization with a N-terminal region of 45 amino acids, a central globular region of 76 amino acids and a C-terminal domain of 124 residues.
As in other HI proteins, the N-terminal region can be subdivided into an acidic domain (residue 1-30) containing 6 acidic residues followed by a basic part (residue 31-45) containing 6 basic amino acids (Fig. 1 A) . The number of acidic residues is higher than in any other animal HI N-terminal region (23) and equals the number of basic residues. The same kind of organization exists in the two HI proteins sequenced from dicots: the pea (9) and Arabidopsis (Gantt, personal communication) HI histones contain in their N-terminal regions 12 and 9 acidic and 11 and 13 basic residues respectively. However, in addition to the two classical acidic and basic domains existing in the maize and animal His, the N-terminal regions of these two proteins show a central part where acidic and basic amino acids are intermingled.
The C-terminal region is 124 amino acid-long (residues 122-245) and contains a high number of basic residues as in all the other HI proteins from animals and plants. Of particular interest is the presence of a 7 times repeated motif of 9 amino acids with a general consensus sequence: K A /PKX A /PAK A /PK (Fig. 1A) . The existence of such repeated peptides mainly containing alanine, lysine and proline was reported in almost all the His and was suggested to originate from internal sequence duplications (24) .
The central globular region has been shown to be the most conserved region among the HI histones (23, 24 ). In the protein described here it extends from amino acid 46 to 122 and mainly contains hydrophobic residues (Fig. IB) . Partial amino acid sequences of the corresponding region have been previously established for one maize (11) and two wheat (10) HI proteins.
The maize HI described here shows very extensive homology with these partial sequences but only a 60% homology with the pea and Arabidopsis HI globular regions ( The tertiary structure of the central globular region of the chicken H5 histone has been established and extended to different animal HI proteins (25, 26) . When superimposing this model to the central region of the maize HI, the conserved residues between animal and plant HI mainly fall into the A, B and C helices and between helices A and B (Fig. IB) . From the folded structure of the central region of H5, 20 invariant and conservative surface residues had been found among 24 different animal HI and H5 histones (26) . Among these residues, 9 are also conserved in the 3 HI from plants, all being localized from residue 9 to 48 of the maize globular region except serine 68. Four of them are basic amino acids and could possibly interact with the DNA. These conserved surface residues are probably responsible for establishing the basic interactions between the HI globular region and the internucleosomal DNA. Genomk organization of the HI genes in the genomes of maize and related plant species DNA from maize (inbred line FT), teosinte, Code, millet, sorgho, barley, oat, wheat and from one dicot, Arabidopsis were blothybridized under stringent conditions to CH1C21. The DNA from all species except Arabidopsis showed hybridization with more or less intensity (Fig. 2) . In maize, 3 bands hybridized whether the DNA was digested with EcoRI or BamH. The difference of hybridization intensities between the 3 bands could be due to the presence of different copy numbers or to the fact that weaker bands correspond to genes encoding other closely related HI subtypes. When hybridization was carried out under less stringent conditions (37 °C-40% formamide) 2 additional faint bands were revealed (data not shown) suggesting the existence of other subfamilies of HI genes likely encoding variants of HI proteins.
Multiple bands hybridized with variable intensities in teosinte (one of the wild ancestors of cultivated maize) when the DNA was digested with EcoRI. This multiplicity of bands is most probably due to the existence in the HI genes of internal EcoRI sites as the BamHl blot only reveals 3 fragments as in maize. Cofx, which belongs to the same tribe as maize, and sorgho which belongs to another tribe within the same subfamily, the AndropogonoXdeae, also show DNA fragments hybridizing with high intensity. It is more surprising that strong homology was found in the genome of millet (Pennisetum) which belongs to another subfamily, the Panicoideae and which did not show to be strongly related to maize at the level of the H3 and H4 multigene families (14) .
Faint hybridization was also found with the DNA of barley, oat and wheat which belong to a third even more distant subfamily, the PooXdeae. If significant, this faint hybridization possibly relates to the conserved amino acid sequences within the globular regions of HI histones from different gramineae. There is for example a 80% homology between the HI histone described here and the partial sequences of two wheat HI variants (see Fig. IB ). As the codon usage has been shown to be very similar in the histone genes of other gramineae (16) such a homology at the amino acid level is probably sufficient to produce a hybridization signal at the DNA level. No hybridization was found with the DNA of Arabidopsis nor was any signal detected when the pea HI cDNA used as a probe was hybridized to a maize DNA blot (data not shown). This result is not surprising as between the HI proteins of maize and these 2 dicots the homology with the most conserved central globular regions is only 60% (Fig. IB) and the codon usage is not the same (22) .
Expression of the HI genes
In the animal kingdom the expression of the majority of histone genes has been shown to be coupled to the synthesis of DNA, although a restricted number of genes escapes this general rule (27, 28) especially some variants of HI (29, 30) . Such a coupling was never clearly demonstrated in plants although the amounts of mRNAs corresponding to the core-histones H3 and H4 were found to be much higher in meristematic than in non-proliferating tissues (our unpublished results). Whether the expression of the HI genes corresponding to CH1C21 and closely related subtypes parallels that of the core-histone genes or shows any tissue or developmental specificity was estimated by studying the steady state levels of HI mRNAs in maize germinating embryos and in different tissues of maize adult plants.
Expression during germination. Total RNA was extracted from manually excised maize embryos every 12 hours from day 0 to 5 of germination, and the resulting 'Northern-blot' was hybridized to the HI cDNA used as a probe. The autoradiogram shows that there is no stored HI mRNA in the dry embryo (Fig. 3 ). The steady-state level of the HI mRNA increases from day 1 to 4 and decreases after the 4 th day. A densitometric evaluation showed that the amounts of HI mRNAs roughly change in parallel with the DNA synthesis as estimated by 3 H-TTP incorporation into the DNA (data not shown). There is no major difference between the evolution of the amounts of HI mRNAs and those of the core-histone H3 mRNA for example (see on BS L H1 H3 Figure 4 . Expression of HI C21 indifferent tissues of adult maize. 25 ^g of total RNA extracted from different tissues of adult maize were analyzed on a formaldehyde-agarose gel, and transferred onto a Hybond N nylon membrane. The northem-blot was successively hybridized to radioactively labelled CH1C21 and the maize histone H3 coding region. BS: leaf-sheath, L: adult leaves, R: roots (except the tips), RT: root tips, N: nodes, IN: intemodes 0: lower, m: middle, h: higher), cr: male fully expanded inflorescence, 9 : female embryonic inflorescence. Fig. 3 ) except that HI mRNAs are hardly detectable after 12 hours of germination whereas H3 mRNAs are clearly present at that stage.
Expression in different tissues.
Tissues from different organs of adult maize plants have been collected and the total RNAs were extracted. The tissues were chosen with respect to the presence of meristematic tissues (root-tips, embryonic inflorescence, nodes) or the absence of cell divisions (adult leaves, leaf-sheath, intemodes) and the resulting 'Northern-blot' was hybridized to CH1C21 used as probe (Fig. 4) . As expected, HI transcripts are most abundant in the embryonic female inflorescence, root-tips and nodes, all these tissues being known to contain meristematic activity. However, more surprising is the presence of significant amounts of transcripts in tissues where the cells are elongating but no longer dividing like the intemodes and the elongating part of the roots. This result might be due to the presence of secondary or residual meristems, to endopolyploldisation which was shown to occur in several plant tissues (31) or simply to the existence of an uncoupled constitutive histone gene expression in some plant tissues. Finally, no or very low amounts of HI mRNAs were detected in fully expanded organs such as leaf-sheath, leaves, and lower intemodes.
These results compared to the expression pattern of the H3 core histone genes (Fig. 4) indicate that the gene(s) encoding the HI subtypes) described here does not show any strict tissuespecificity although some quantitative differences were found between the HI and H3 mRNAs steady-state levels in some particular tissues such as root-tips, lower and middle nodes (see Fig. 4 ). More accurate quantitative estimations possibly using more subtype-specific probes will be necessary to determine whether these differences are of any functional significance.
DISCUSSION
Our knowledge of the structure of histones as well as that of the organization and expression of the corresponding genes in higher plants is still limited when compared to the animal kingdom (20, 21, 32) . Genes encoding histones H3 or H4 have been studied in a series of plant species including monocots such as wheat (33, 34) , maize (35, 36) and rice (37) , and dicots such as alfalfa (38) and Arabidopsis (22) . Their structures as well as their general organization particularly in the genome of maize is now well documented (14) . However, informations concerning the two other core-histones namely H2A and H2B are very sparse as only one complete sequence of a wheat H2 A (39) and partial sequences of H2B from pea (40) and wheat (41) have been published up to now. As far as the histories HI are concerned only two complete sequences had been deduced from a pea cDNA (9) and an Arabidopsis genomic clone (Gantt, personal communication) . In monocots only very partial sequences had been established of wheat (10) and maize (11) HI proteins. Thus, the sequence presented here is the first complete primary structure of a HI histone from a monocot. The encoded protein is of larger size (245 amino acids) than the majority of its counterparts in the animal kingdom and exhibits the typical organization into three domains found in this class of histones (42, 43) .
The 45 amino acid-long N-terminal region contains more acidic residues than any other animal HI protein and an equal number of basic residues. The presence of a high number of acidic amino acids is even more pronounced in the two His sequenced from dicots. Generally the acidic and basic domains are clearly delimited, the acidic domain being at the N-terminal part and clusters of basic residues immediately in front of the globular region.This organization also exists in the 3 HI proteins from plants but in the case of the dicots the acidic and basic domains are separated by an additional region where positively and negatively charged amino acids are intermingled. More sequences of HI proteins from plants are needed to determine if such a structure of the N-terminal region is specific to dicots. Otherwise, the N-terminal region is generally considered as being involved in the proper positioning of the globular region of the protein at the DNA entry and exit site of the nucleosome (5), and thus, it certainly would be of interest to estimate if the presence of such a long and highly negatively and positively charged Nterminal region might influence the structure of the internucleosomal domain in plants.
The central globular region of 76 residues contains 42 residues which are conserved in the 3 plant HI proteins, and 15 of them are also found in the animal HI consensus sequence. Among these 15 residues 9 were shown to be located at the surface of the molecule and are highly conserved in all the H1/H5 animal histones (26) . Otherwise, the animal HI globular regions have 8 conserved lysine residues shown to be located on the surface and which are supposed to play a fundamental structural role by sealing off the two turns of the DNA around the nucleosome (25) . Among these 8 basic residues, 4 are conserved in plants (positions 19, 21, 31 and 48 on figure IB) and the 4 others could possibly be replaced by lysine or arginine residues located near up-or downstream.
The size of the C-terminal region (124 amino acids) is slightly higher than in the majority of animal HI proteins and contains a similar number of basic residues. Like in several other HI proteins, it contains a number of repeated motifs consisting of Lys, Pro and Ala whose origin and role remain to be determined.
In the genome of maize, the HI protein described here is encoded by a small multigenic family showing a much simpler hybridization pattern than the genes encoding H3 and H4 (14) . Highly homologous gene families likely encoding the same HI variant exist not only in species belonging to different tribes within the same taxonomic subfamily, but also in the genome of millet which belongs to another subfamily. This result shows that this multigenic family has quite an ancient origin and has been conserved through the evolution and divergency of tribes and species. The existence of additional faint hybridization bands indicate that using the maize CH1C21 clone as a probe can reveal the existence of HI histone gene families likely encoding other HI variants in the genome of maize or closely related species as well as in morphologically more distant species such as wheat, oat and barley. In this case the sequence homology likely restricts to the globular domain which thus could be used as a probe to clone other HI genes from a wide variety of gramineae.
Estimation of the expression of the gene(s) corresponding to CH1C21 failed to show any strict tissue specificity, although some quantitative differences could be detected as compared to the expression of the genes encoding the core histones.
It certainly would be interesting, using me globular region of CH1C21 as a probe to clone the genes encoding the other HI variants existing in maize in order to see whether tissue specific or developmentally regulated genes encoding HI variants similar to Hl° and H5 (29, 30) found in animals also exist in plants.
